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Abstract: Transition zones between bridge decks and rail tracks suffer early failure due to poor 
interaction between rail vehicles and sudden changes of stiffness. This has been an ongoing problem 
to rail industry and yet still no systematic studies appear to have been taken to maintain a gradually 
smoothening transmission of forces between the bridge and its approach. Differential settlement 
between the bridge deck and rail track in the transition zone is the fundamental issue, which 
negatively impacts the rail industry by causing passenger discomfort, early damage to infrastructure 
and vehicle components,   speed reduction, and frequent maintenance cycles.  
Identification of mechanism of the track degradation and factors affecting is imperative to design any 
mitigation method for reducing track degradation rate at the bridge transition zone. Unfortunately this 
issue is still not well understood, after conducting a numbers of reviews to evaluate the key causes, 
and introducing a wide range of mitigation techniques. 
In this study, a comprehensive analysis of the available literature has been carried out to develop 
either a novel design framework or a mitigation technique for the bridge transition zone. This paper 
addresses three critical questions in relation to the track degradation at transition zone: (1) what are 
the causes of bridge transition track degradation?; (2) what are the available mitigation techniques in 
reducing the track degradation rate?; (3) what are the factors affecting on poor performance of the 
existing mitigation techniques?. It is found  that the absence of soil-water response, dynamic loading 
response, and behaviour of geotechnical characteristics under long-term conditions in existing track 
transition design frameworks critically influence on the failures of existing mitigation techniques. 
This paper also evaluates some of the existing design frameworks to identify how each design 
framework addresses the track degradation at the bridge transition zone 
 
Keywords: Bridge Transition Zone, Differential Settlement, Geotechnical Characteristics, Soil-water 
Response, Long-term Performance  
1.0 Introduction 
Free track generally experiences a higher total settlement within its lifetime caused by soil creeping, 
traffic condition, and soil-water response. Total settlement of the train track is negligible in 
engineering structures such as culverts, bridges, and turnouts, especially in structures with pile 
foundations. This circumstance results in a differential settlement in interaction zone between the 
structure and its approach. According to the field observation in the four bridge transition zones in 
Kansas in the USA, the mean total settlement in the bridge is approximately 8mm whereas in the free 
track it is nearly 20mm (D Li & Davis, 2005). Such differential settlement can cause frequent 
maintenance cycles within the bridge transition zone, as an example, in the Dutch railway system, the 
bridge transition zone maintenance frequency is three times higher than free track (Hölscher & 
Meijers, 2007). These observations enforce a detailed investigation on the origins of the track 
degradation. The factors which are not active within the free track might significantly influence for 
the differential settlement with the bridge transition zone.  
A presence of correlation among each cause can critically influence the bridge transition design 
frameworks and mitigation techniques, where a mitigation technique addressed a particular cause can 
seriously catalyse another track degradation cause, eventually leading to a higher degradation rate. 
None of the earlier investigations is  also able to obtain a unique solution for addressing the origins of 
the track degradation at the bridge transition zone because of its site-dependent and design dependent 
nature (Briaud et al., 1997; Nicks, 2009). An inclusive literature analysis is therefore essential to 
evaluate the consistency of   available mitigation techniques under long-term conditions for reducing 
the track degradation rate at the bridge transition zones. This paper aims to identify critical factors 
leading to a poor long-term performance, after introducing an existing mitigation technique for a 
bridge transition zone. Following a comprehensive literature analysis, this paper emphasises 
requirement of detailed investigation of existing design frameworks of the bridge transition zone to 
enhance methods used for addressing critical factors that lead track degradation at the bridge 
transition zone. The outcomes of this study could lead to development of new/enhanced design 
approach for bridge transition zone under long-term conditions, which will eventually improve 
passenger comfort and reduce the life cycle maintenance cost of the transition zone.  
2.0 Origins of Track Degradation  
Mechanical and physical characteristics of the three key regions: bridge, superstructure, and 
substructure of its approach control track geometry of the bridge transition zone. Poor track geometry, 
differential vertical settlement and lateral displacement of the train track within the bridge approach 
zone stems from poor performance of mechanical and physical characteristics of track components 
and inherent assumptions of available design frameworks. Inadequate knowledge about relationship 
between origins of track degradation, and mechanical and physical characteristics of track 
components significantly cut off the performance of mitigation techniques that would otherwise 
maintain perfect track geometry under long-term conditions. In literature, the causes of track 
degradation at transition zone can be categorized into two: primary and secondary according to their 
influence on the track degradation rate. 
2.1 Primary Causes  
Uneven stiffness and damping between bridge and its approach, geotechnical causes, and soil-water 
response are the key primary causes of track degradation at the bridge transition zone (Kerr & 
Moroney, 1993; D Li & Davis, 2005; Nicks, 2009). 
2.1.1 Uneven Stiffness  
Uneven stiffness and damping between bridge and its approach are leading factors for the differential 
track settlement within the bridge transition zone. Figure 1 and Figure 2 illustrate measured difference 
in the track stiffness and subsequent rail elevation in a bridge approach in Kansas, USA, respectively 
and highlight an apparent correlation between the track stiffness and rail elevation. The effects of 
sudden stiffness variation can be equalized by means of the effects of track runoff and an extra 
dynamic energy appears within the transition zone (Plotkin & Davis, 2008). Direction of train 
movement critically influence on such extra dynamic load, where a higher dynamic load applies on 
low-stiffer zone (bridge transition zone), if the train movement from higher (bridge) to lower (its 
approach) stiffness (Kerr & Bathurst, 2001; Kerr & Moroney, 1993). The expected dynamic load 
within the bridge transition zone, which can lead for ballast migration and tie movement (D Li et al., 
2010), is twice of the quasi-static load. Plotkin and Davis (2008) however concluded that such uneven 
stiffness variation is likely significant to introduce a differential track settlement within the bridge 
transition zone, by analysing the five different methods. This conclusion highlights the involvement of 




2.1.2 Geotechnical Causes  
Rail ballast layer, subballast layer, and subgrade control the performance of bridge transition under 
both short and long term conditions. Increasing ballast and subballast layer thickness is likely a 
sufficient and economical technique to prevent the subgrade dependent problems (D. Li & Selig, 
1998). They further concluded frequent tamping can’t however assure to address subgrade dependent 
problem such as subgrade attrition, massive subgrade shear failure, and excessive consolidation 
settlement. A special attention on possible failure modes of subgrade is therefore essential to eliminate 
subgrade introduced problems in the bridge transition zone. Progressive shear failure and excessive 
plastic settlement are the primary failure modes in subgrade (Selig & Waters, 1994). Burrow et al. 
(2007) concluded, rail track foundation design frameworks should account effects of these two failure 
modes, especially in upper layers where dynamic load is significant. Figure 3 illustrates frequent 
possible failure modes at the bridge transition zones, after summarizing field observations of 74 
bridge transition zones in Iowa road system in the USA. It is observed that all the failure modes stem 
from the geotechnical causes and this can be critical in the railway bridge transition zones which 
experience heavy axial load and large dynamic effects compared to the road system. Reduction of 
effective shear strength of soil due to increase in water content resulted from poor drainage 
conditions, can catalyse these subgrade failure modes.  
Figure 3 Possible failure modes at a bridge transition zone (White et al., 2007).  
 
 
Figure 1 Track stiffness variation along a 
bridge transition zone (Plotkin & Davis, 
2008). 
Figure 2 Rail elevation variation along a 
bridge transition zone (Plotkin & Davis, 
2008). 
2.1.3 Soil-Water Response  
Soil-water response in man-made structures such as highways and rail tracks is extremely complex, 
especially in bridge transition zones. A range of complexity exhibits in unsaturated soil than saturated 
soil, leading to sudden collapse mechanism by wetting and shrinkage cycles (Kodikara, 2012). Metric 
suction of unsaturated soil is a governing factor to control shear strength and soil deformation 
(Bishop, 1959) , whereas the soil metric suction is strongly correlated to soil moisture which is highly 
sensitive to climate changes (Rajeev et al., 2012). Particle size distribution, clay percentage, soil type, 
soil fabric orientation,  and drainage boundary conditions further control matric suction  as well as 
pore water pressure increment by the dynamic load (Gräbe & Clayton, 2009; Rajeev et al., 2012; 
Symes et al., 1984). Pore-water pressure decreases soil suction and as well as the effective shears 
strength. As shown in Figure 4, pore-water pressure development in soil has strong correlation clay 
content in soil and numbers of loading cycles (principle stress rotation). Neglecting influence of 
principal stress rotation in pore water pressure calculation can critically impact on effective shear 
strength values (Gräbe & Clayton, 2009; Symes et al., 1984).  
 
Figure 4 Pore water response with different clay percentage under principal stress rotation (Gräbe & 
Clayton, 2009). 
2.2 Secondary Causes 
Train load, train speed, traffic condition, height of embankment, type of abutment, and bridge joint 
are the key secondary causes that can affect differential settlement at the bridge transition zone 
(Briaud et al., 1997; Nicks, 2009). Quasi-static load by accounting gross tare, centrifugal force, and 
centring load is to be considered ideal for rail track design processes, where dynamic wheel load is a 
fatigue load compared to the quasi-static load (Esveld, 2001). Dynamic Amplification Factor (DAF) is 
however the common technique for including the dynamic loading effects into the calculation (Powrie 
et al., 2007). Quasi-static load is not apparently affected by train speed until it reaches critical speed, 
which  is greater than about 0.5 times of Rayleigh wave speed, Vc  (Madshus & Kaynia, 2000) . Figure 
5 and Figure 6 explain above arguments considering normalized train speed and stress increment. 
Yang et al. (2009) argued, at a train speed of 0.5Vc, shear stress is underestimated by 30% due to 
excluding dynamic response and in accounting dynamic effects with a train speed of greater than 
0.1Vc is meaningful. According to Gräbe and Clayton (2009), dynamic response can be negligible on a 
firm subgrade at a speed up to 240 km/h. Train acceleration/braking can also produce an extra load on 
track elements, increasing shear stress and horizontal displacement in soil (Yang et al., 2009). 
Application of train acceleration and braking can create a complex scenario within the bridge 
transition zone. From a field observation, (Yang et al., 2009) found that maximum braking effort can 
create a horizontal wheel force equal to 17% of static vertical wheel load in a free track zone (Yang et 
al., 2009). It is therefore important to design track settlement mitigations at bridge transition zone to 
maintain a negligible dynamic response on the rail track.  
  
3.0 Existing mitigation techniques  
Rail track at the bridge transition zone generally experiences a high stress condition and hence it 
demands frequent  maintenance  (Hsi, 2008). The fundamental concept of any mitigation technique is 
to reduce this high stress state and minimise the differential settlement between the bridge and its 
approach. Kerr and Moroney (1993) suggested, two principles to follow when introducing a new 
mitigation technique for the bridge transition zone: 1) assure to cause the constant vertical rail 
deflection along the track for the train wheel of each truck, in a moving train, 2) if this impossible, 
assure not to experience a rapid change of vertical rail deflection, which can generate a higher 
dynamic wheel load by significant wheel vertical acceleration. The existing mitigation techniques can 
be categorized into three groups based on their functions: 1) reduce the vertical stiffness or increase 
the damping on the bridge, 2) smoothen  the settlement in transition zone by increasing the bending 
stiffness of the rail-tie structure on soft region of the bridge transition zone, 3) smoothen track 
modulus distribution along the bridge transition zone (Kerr & Moroney, 1993; D Li & Davis, 2005; 
Read & Li, 2006; Sasaoka & Davis, 2005). These three categorises aim to improve the performance of 
three problematic zones of a bridge transition zone as the bridge, the superstructure and substructure 
of its approach.  
3.1 Tie Pad 
The measurements of vertical stiffness of rail foundation and whole track structure are indicated as 
track modulus and track stiffness respectively (Selig & Li, 1994). Track stiffness, resistance to 
deflection caused by a vertical load is a characteristic measurement of track modulus (Plotkin & 
Davis, 2008). Optimisation of vertical stiffness can positively impact on reduction in both vertical 
stress applied on the track and level of vibration (noise) generated on the ballast layer (Pita et al., 
2004). Track modulus of any location can vary by a factor of equal or greater than two compared to 
initial value within a period of one year. Depending on wood tie or concrete tie, typical track modulus 
of the bridge transition zone varies  between 13790 kN/m/m and 41370 kN/m/m, whereas it varies 
from 55160 kN/m/m to 82740 kN/m/m in a track on a concrete ballast deck bridge (Plotkin & Davis, 
2008). Tie pads, which are typically made by rubber or polyurethane, are primarily designed for 
equalising such stiffness difference between bridge and its approach. As shown in Figure 7, there are 
four main types of tie pads: 1) rail seat pad; are installed directly under the rail seat, 2) tie plate pad; 
are placed below the tie plate, 3) under tie pad; are mounted between the tie and the ballast layer, 4) 




Figure 5 Stress increment at ground surface during 
the passage of a bogie pair (Yang et al., 2009)   
Figure 6 Maximum stress increment due 
to train speed (Powrie et al., 2008) 
 Figure 7 Different tie pad types (Sasaoka & Davis, 2005) 
Sasaoka and Davis (2005) proved that a pad can decrease such track modulus by nearly 55% on a 
bridge with concrete ties, and increases the damping of track at the bridge. Either corresponding pad 
stiffness compared to the track modulus of the free track zone (Kerr & Bathurst, 2000) or reaching the 
damping requirement for diminishing the high frequency impact load (Sasaoka & Davis, 2005) 
controls the efficiency of application of such pads within the bridge transition zone. Figure 8 and 
Figure 9 illustrate impact on the vertical track modulus and the track damping after introducing rubber 
pad, respectively. Concrete tie with rubber pad can reduce the track modulus and increase the 
damping of the bridge by an approximate 2.4 times than concrete tie as shown in Figure 8 and Figure 
9.  Sasaoka and Davis (2005) concluded that replacement of  concrete ties with composite (plastic) 
ties is the best solution for minimizing the dynamic effects at the bridge transition zone since it creates 
a negligible difference of the track modulus between the bridge and its approach. Improvement of 
either track modulus or track damping at the bridge does not significantly affects for the track 
degradation rate if the origin stems from either superstructure or substructure of the bridge transition 
zone. Therefore, when introducing a mitigation technique, it is important to make sure that it 









Figure 8 Vertical track modulus (Sasaoka & 
Davis, 2005) 
Figure 9 Track damping (Sasaoka & Davis, 
2005) 
3.2 Approach Slab  
 
Minimizing track settlement and increasing track modulus of the free track at the transition zone are 
two major principles (Plotkin & Davis, 2008) to decrease the dynamic load effects in both vehicle and 
track components. Approach slabs are currently used to gradually increase the vertical track modulus 
along the bridge transition zone towards the bridge (Coelho et al., 2011; Hoppe, 1999). Typical 
approach slab, as shown in Figure 3 shows a cantilever mechanism, where fixed end is supported by 
the bridge and free end by subgrade (Nicks, 2009). Briaud et al. (1997) suggested the maximum 
acceptable slope change is 1:200 for the approach slab at highway bridge transition zone, which can 
significantly modify the track modulus at the transition zone to achieve an allowable level of rider 
comfort in a cost-effective criteria. Reduction of the approach slab thickness along the transition zone 
away from the bridge can also introduce such an impact on the track modulus. Approach slab can 
prevent water infiltration to the weaker layers; embankment fill and subgrade, where water is a key 
concern to decrease effective shear strength, leading to progressive shear failure or excessive plastic 
settlement. Approach slabs  further ensure to control the failure mechanism introduced by soil erosion 
and soil movement in the bridge transition zone (Nicks, 2009). 
Figures 10 and Figure 11 show the effect of approach slab in reducing the settlement and its rate in the 
bridge transition zone, respectively. Track settlement and its growth rate within approach slab zones 
illustrate a significant development compared to free track and after introducing approach slabs, 
average settlement reduction is approximately 40% against free track according to Figure 10. Same 
settlement rate in both approach slab zone and bridge appears with time as per Figure 11. Using Hot 
Mix Asphalt (HMA), geocell, or any other similar material above the subgrade and/or embankment 
layer as well as approach slab can increase track modulus over the bridge approach. Such solutions, 
HMA, geocell, or geogrid can further minimize approach settlement, where subgrade associated with 




        
3.3 Soil Strengthen Techniques  
 
Soil strengthening with HMA, geocell, geogrid or geosynthetic, which can significantly increase 
mechanical and physical stability of weak soil types is a potential solution to reduce the differential 
settlement between bridge and its approach, although providing number of advantages including cost 
saving, good seismic performance and fast construction techniques (Abu-Hejleh et al., 2000; 
Helwanya et al., 2003). Fine grained subgrade is critically sensitive for railway traffic volume and 
heavy axle load (Dahlberg, 2010) and use of HMA layer as a flexible layer, which can decrease the 
stress on such problematic layers, is a potential solution (Zhong et al., 2002) to overcome the 
differential settlement of rail tracks. Addition to act as a flexible layer, HMA layer can increase the 
confinement of ballast, reduce the water infiltration into subgrade, and mitigate noise pollution (Rose, 
2013; Zhong et al., 2002). There are two basic asphalt track foundation designs: 1) Asphalt 
Figure 10 Track vertical settlement at a 
bridge transition zone after approach slab 
(Coelho et al., 2011) 
Figure 11 Track vertical settlement rate at a 
bridge transition zone after approach slab 
(Coelho et al., 2011) 
Underlayment, where asphalt layer is placed on the subgrade or subballast; 2) Asphalt Overlayment, 
where ties are located directly on the asphalt layer (Rose, 2013). Subgrade stress from heavy axle load 
is significantly lower compared to standard granular layer construction, as a result of added track 
modulus gained by HMA layer (Dahlberg, 2010). Rose (2013) highlighted a 50% of reduction on the 
rate of track deterioration per year in Australian rail track after introducing HMA track foundation. 
Rose (2013) further argued that the use of HMA layer at the bridge transition zone is a potential 
solution to reduce the track degradation rate concerning the long-term performance of asphalt 
foundation. The improvement of track modulus and subgrade stress after geocell and HMA layer 
under heavy axle load are shown in Figure12 and Figure 13 respectively.  
The characteristic mechanism of the geosynthetic materials, geocell, geogrid, and geotextile is, 
reinforcing or stabilizing the weak subgrade, leading to reduction of differential settlement at the 
bridge transition zone (Read & Li, 2006). These geosynthetic materials are one of the most efficient 
solutions for the structure associated with shallow foundation to diminish differential settlement 
between structure and free track. The soil mass with such material performs as a massive foundation 
for both bridge abutment and its approach, leading to settle both simultaneously, thus impacting 
positively on the track deterioration rate at the end of the bridge (Helwanya et al., 2003). A special 
concern is required during construction stage of Geosynthetic-Reinforced Soil (GRS) to maximize 
subgrade performance (Read & Li, 2006).  The performance of GRS at the bridge transition zone is 





4.0 Discussion  
 
As a result of hiding track irregularities even with ideal track geometry, track stiffness variation of a 
track is critical to identify until presence of train load (Dahlberg, 2010). Such irregularities can 
increase wheel vertical acceleration causing differential track settlement at the bridge transition zone 
(Kerr & Moroney, 1993). This settlement caused by repeated train load depends on the quality and 
behaviour of ballast layer, subballast layer and subgrade (Dahlberg, 2001). Pads are a potential 
solution to reduce such negative impacts by the track stiffness irregularities between the bridge and its 
approach as in section 3.1. If the origin stems from the approach zone, pad is not an ideal solution to 
reduce the effects by variation in stiffness. Decrease of bridge stiffness is unable to address soil shear 
strength reduction by the soil-water fluctuation, excessive settlement due to fine particles resulted by 
heavy axle load, and soil erosion by poor drainage conditions.  
A cautious consideration on the variation in the track foundation stiffness within the vicinity of bridge 
abutment can minimize the rate of track settlement growth (Hunt, 1997). Approach slab can gradually 
change the track stiffness (modulus) over the transition zone (Hoppe, 1999). The typical slope change 
of approach slabs in rail tracks is 1:120 (Read & Li, 2006) and 1:40 in Dutch Gouda-Utrecht rail track 
(Hölscher & Meijers, 2009). Nicks (2009) however argued, this limit of the slope change is yet to be 
defined correctly. Settlement of embankment soil or subgrade can drop the contact between the 
approach slab and soil, which can redistribute the vehicle load and self-weight to the end of the 
Figure 12 Track modulus change after 
geocell and HMA layers (Dahlberg, 2010) 
Figure 13 Subgrade stress change after 
geocell and HMA layers (Dahlberg, 2010) 
approach slab, resulting in vertical fault or a bump across the track at the end of slab (Cai et al., 2005). 
Cai et al. (2005) further proved that such settlement can critically increase stress of embankment soil 
or sub-grade causing internal moments and deflections of the approach slab. According to Figure 10, 
as a result of continuing a higher settlement rate at free track compared to approach slab, a bump can 
appear between the free track and the end of the approach slab. Field observation with long-tern 
investigation at Dutch rail track evidently further verified Cai et al. (2005)’s argument; the settlement 
at the end of the approach slab is 2.5 times higher than the autonomous settlement of subsoil 
(Hölscher & Meijers, 2009). If the settlement exceeds the allowable limits, the maintenance cost is 
high since frequent tamping or whole replacement required (Hoppe, 1999). Part of this settlement 
should therefore originate from the mechanisms below the approach slab (Hölscher & Meijers, 2009) 
and frequent tamping is not a potential solution to overcome such additional settlement. Absence of a 
clear picture about the behaviour of soil-water response under the approach slab negatively impacts 
on the design stage of approach slabs. 
Strengthened soil is a better mitigation technique if groundwater table and poor subgrade are the 
causes of the differential track settlement between the bridge and its approach. D Li and Davis (2005) 
however claimed that if mitigation techniques intended to strengthen the subgrade are unable to 
provide a consistent and acceptable track stiffness concerning the bridge and the approach, they can 
be ineffective. If the track stiffness at the bridge transition zone is already high, increasing stiffness of 
approach zone is unsuccessful compared to reducing stiffness of the bridge (Read & Li, 2006). D Li 
and Davis (2005) further extended this idea; stiff subgrade strengthened by HMA layer, geocell, and 
cement stabilized backfill are unable to provide a better performance than control bridge transition 
zone only with ballast and subballast layers. Read and Li (2006) further argued that a special 
consideration on the aspects of geotechnical best practices during construction stage such as 
determining the soil characteristics prior to construction, ensuring adequate compaction under 
optimum moisture content, and lowering groundwater table to prevent capillary movement of water 
into cohesive soil is essential to improve the performance of soil strengthening process of low 
stiffness soil. The in-situ moisture content is also a critical factor in soil strengthening as it has direct 
effect on the shear strength of soil under the strengthened layer. Strengthened soil is however unable 
to show better performance if the track degradation associated with poor ballast and subballast 
materials.  
 
5.0 Conclusion    
  
A better understanding on the possible causes of track degradation at the rail bridge transition is 
imperative to either design a novel framework or implement a mitigation technique for the bridge 
transition. Complex site dependant nature of the problem decreases the performance of introduced 
mitigation techniques. This critical literature analysis discussed some selected mitigation techniques 
and own strengths and shortcomings in addressing this problem. If the track degradation originates 
from geotechnical causes, the role of geotechnical properties is obviously critical and a cautious 
attention on the behaviour of subgrade is necessary before introducing a mitigation technique. 
Inherent assumptions of existing design approaches of the bridge transition zone and poor 
construction and maintenance practices can significantly influence to reduce the performance of 
subgrade and hence increase the settlement in bridge transition zone This paper in conclusion 
highlights the requirement of detailed evaluation of existing design frameworks of the bridge 
transition zones to verify how these approaches address the origins/causes of the track degradation at 
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